Introduction
During the last decades, modulated Langmuir waveforms have been observed in various regions of the heliosphere such as the electron foreshock, the solar wind, the magnetotail, or the auroral ionosphere [e.g., Gurnett et al., 1993; Kojima et al., 1997; Bonnell et al., 1997; Kellogg et al., 1999; Souček et al., 2005 , and references therein]. In particular, modulated Langmuir waves associated with type III solar bursts were measured in the solar wind by many satellites as ISEE 1-3, Helios, Voyager, Galileo, Ulysses, Geotail, Wind, Cluster, and STEREO [e.g. Gurnett and Anderson, 1976; Lin et al., 1981; Gurnett et al., 1992; Ergun et al., 1998; Mangeney et al., 1999; Kellogg et al., 2009; Hess et al., 2011, and references therein] . They are thought to be generated by streams of high-energy electrons accelerated in the solar corona during flares via beam instability and converted into electromagnetic radiation near f p and 2f p via nonlinear processes [Ginzburg and Zheleznyakov, 1958] . Many observations revealed the bursty nature of these highly modulated and clumped wave packets. They were first registered by the Helios spacecraft between 0.3 and 1 AU [e.g., Gurnett and Anderson, 1976] ; further many measurements were performed by other satellites, revealing more intense Langmuir waveforms, with electric field peaks reaching from 10 2 to 10 3 times the mean [e.g., Gurnett et al., 1978; Lin et al., 1986; Nulsen et al., 2007; Gurnett et al., 1993; Ergun et al., 2008; Malaspina et al., 2010] . In particular, recent in situ high time resolution observations by the Time Domain Sampler (TDS) instrument [Bougeret et al., 2008] onboard the STEREO (Solar TErrestrial RElations Observatory) satellite show that they often appear as intense and clumpy packets with durations of few milliseconds and electric field amplitudes up to a few tens of mV/m [Malaspina et al., 2010 Hess et al., 2011] . With registration times from 65 ms to 2 s [Bougeret et al., 2008] , the STEREO/TDS instrument can capture a great amount of wave packets with typical scales around several hundreds of electron Debye lengths, resolving structures on the scale of 10 m. Durations of waveforms' registration are roughly 10 times longer than onboard the previous missions. Note that they appear mostly as multiple bursts' events, which are much more frequently observed than more isolated and well-shaped structures exhibiting one or a few humps.
The ISEE 1-2 spacecraft [Celnikier et al., 1983] showed that average levels of density fluctuations exceeding 1% of the background plasma density and extending on scales around 100 km likely exist in the solar wind. In particular, it was found [Celnikier et al., 1983 [Celnikier et al., , 1987 ] that the power spectrum of the electron density follows two power laws, one in the higher-frequency range above 0.1 Hz and the other one below. Moreover, spectra of rapid density fluctuations were obtained using the EFW (Electric Field and Waves Experiment) 10.1002/2014JA020329 probe potential variations measured by the Cluster mission in the solar wind [Kellogg and Horbury, 2005] . More recently, Ergun et al. [2008] and Krasnoselskikh et al. [2007] have reported direct observations in the solar wind of unusually large levels of density fluctuations. Thus, the well-known theory of beam-plasma interaction developed for homogeneous plasmas cannot be applied to such cases, and the models have therefore to take into account from the very beginning the effects due to large-amplitude randomly varying density fluctuations.
Then, the presence of fluctuating inhomogeneities of finite sizes and depths in the solar wind where modulated and localized Langmuir bursts are commonly observed leads to address several important questions. Indeed, the physical processes responsible for such wave packets' modulations have to be explained, and the influence of the resulting clumped structures on the propagation and the growth of the waves as well as on their eventual conversion into electromagnetic radiation have to be elucidated. Many models have been proposed up to now. In particular, it was argued that the solar wind density inhomogeneities may be responsible for such phenomena, including effects of refraction, reflection, and scattering of plasmons by density fluctuations, or also stochastic growth effects [Robinson, 1992] . Analyzing plasmons in type III solar bursts, Smith and Sime [1979] showed that density inhomogeneities can significantly influence on the growth of waves that follow slightly different paths when crossing the amplification regions; they proposed that the formation of clumpy structures should be due to the strong decrease of the bump-on-tail instability by density fluctuations of sizes of the order of the waves' spatial growth rates. Then waves can be amplified only along the paths where the encountered inhomogeneities are sufficiently similar not to perturb the amplification processes leading to the formation of spikes. This idea was further developed by several authors [e.g., Melrose et al., 1986; Kellogg, 1986; Robinson, 1992; Boshuizen et al., 2004; Robinson et al., 1993] . Moreover, recent numerical simulations using the Zakharov equations [Zakharov, 1972] have found that Langmuir waves excited by beams in plasmas with randomly varying density inhomogeneities of finite amplitude exhibit such clumpy structures with characteristics very close to those revealed by the most recent observations Volokitin et al., 2013] . Other processes, as trapping of waves in density fluctuations, have also been proposed by some authors [Malaspina and Ergun, 2008; Ergun et al., 2008; Zaslavsky et al., 2010] who explain that the Langmuir waveforms should be eigenmodes of density cavities resulting from plasma turbulence. Moreover, various mechanisms have been discussed, among which weak turbulence processes such as electrostatic decay [e.g., Lin et al., 1986; Hospodarsky and Gurnett, 1995; Henri et al., 2009; Thejappa et al., 2003] , kinetic localization [Muschietti et al., 1994 [Muschietti et al., , 1995 , or strong turbulence processes as modulational instabilities or collapse [Nicholson et al., 1978; Thejappa et al., 2003] . However, no consensus has been reached yet to explain the mechanisms responsible for the clumpy and modulated nature of solar type III Langmuir waveforms and for their further radiation in electromagnetic emission. This paper presents typical Langmuir waveforms calculated using a Hamiltonian model which describes the self-consistent resonant interactions between electron beams and Langmuir waves in plasmas with randomly varying density fluctuations. The waveforms obtained for different profiles of density fluctuations as well as for beam and plasma parameters relevant to type III solar bursts' characteristics at 1 AU [e.g., Ergun et al., 1998 ] are compared with recent measurements by the STEREO and Wind spacecraft, showing that the bursty localized structures characterizing the waveforms are very similar to the observations. The model is based on the Zakharov's equations, where a source term is added to describe the electron beam; it also includes the low-frequency response of the plasma (with ponderomotive force effects) and the presence at the initial state of strong and random density inhomogeneities (up to 5% of the background density). Let us stress that the density fluctuations considered here are not resulting from strong turbulence effects but are imposed initially. The beam is described by means of a particle-in-cell (PIC) code, but, unlike the usual PIC approaches where the numerical noise can be reduced by the high number of particles used, the present model divides the particle velocity distribution in two groups: (i) the plasma background whose particles interact nonresonantly with the waves and (ii) the beam particles which exchange resonantly significant amounts of energy and momentum with the waves [e.g., O'Neil et al., 1971; Zaslavsky et al., 2006; Volokitin and Krafft, 2004] . Then the motion of the beam (resonant) particles only is calculated by solving the Newton equations. The background particles support the waves' dispersion, and their dynamics is modeled using the dielectric constant in the frame of a linear analysis. Such approach leads to a drastic reduction of the number of macroparticles required in the calculations and thus allows to follow their dynamics during large lapses of time [e.g., Volokitin and Krafft, 2012] .
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The waveforms calculated by the simulations represent the profiles of the electric field envelope as a function of the spatial coordinate z along the 1-D simulation box (note that the observed Langmuir wavefields are mainly linearly polarized along the magnetic field lines ). In order to compare them with the observed waveforms as those captured by STEREO (stereo.gsfc.nasa.gov) and presented by several authors [e.g., Gurnett et al., 1981; Kellogg et al., 1999; Ergun et al., 2008; Henri et al., 2009; Malaspina et al., 2010 Malaspina et al., , 2011 Graham et al., 2012; Graham and Cairns, 2013a; Graham and Cairns, 2013b] , we present them as they would appear if recorded by a spacecraft moving with a velocity v S in the flowing solar wind. Indeed, the waveforms observed in the satellite's frame are Doppler shifted as the plasma is moving at the solar wind speed V SW ≃ 200-800 km/s. Note that, in order to perform meaningful comparisons between simulated and observed waveforms, we consider only wave packets at the stage when the beam instability is saturated.
Numerical Simulations
The simulation results presented below are based on the 1-D Zakharov equations [Zakharov, 1972] and describe the evolution of the slowly varying envelope Calculations are performed for parameters typical for solar type III plasmas and beams at 1 AU [e.g., Ergun et al., 1998 ]; then we have c∕20 ≲ v b ≲ c∕3 and 0.05 ≲ Δv b ∕v b ≲ 0.1. The ambient plasma density and temperature are roughly n 0 ≃ 5 10 6 m −3 ( p ∕2 ≃ 20 kHz) and T e ≃ 10-20 eV; note that D ∼ 15 m. The background plasma density is much larger than the beam density, i.e., 5 10 −6 ≲ n b ∕n 0 ≲ 5 10 −5 ≪ 1. Initially, the average level of density inhomogeneities is around 0.001 ≲ Δn ≲ 0.05, and the density perturbation profiles n(z)∕n 0 present spatial scales around 300 ≲ n ≲ 2000 D much above the plasmons' wavelengths. For such parameters, the condition required for bump-on-tail kinetic instability is fulfilled, i.e., (
Finally, the level of turbulence in our simulations does not exceed the thresholds of modulational instability, collapse, or strong ponderomotive effects.
In our previous works Volokitin et al., 2013] , the impact of the background density fluctuations on the electron beam dynamics and the Langmuir spectrum's evolution was studied. In this view, we present below several relevant examples of Langmuir waveforms exhibiting wave modulation and focusing effects in order to compare them with observations by the spacecraft STEREO and Wind. Here one has to take into consideration the time Δt during which a wave packet crosses the moving satellite. A Langmuir packet is propagating with a group velocity of the order of v g ∕v T ∼ 3k D ∼ 0.15-0.3; the solar wind velocity is around
for T e ∼ 10-20 eV), so that the satellite velocity in the solar wind frame is v S ≃ −V SW (it is neglected in the laboratory frame); so the relative velocity between the Langmuir packet and the satellite is . According to our simulations, the profiles of the wave packets can be significantly changed and even totally destroyed during such time scale. We present below several examples showing the differences between the spatial profiles of the electric field envelopes at some given times (i.e., calculated by our simulations in the solar wind frame and so-called "instantaneous" waveforms) and the corresponding waveforms that would be observed by a satellite starting from the same time at the position z S and moving with the relative velocity v r across the Langmuir packet. The electric field which would be measured on the spacecraft is calculated according to
Then the temporal modulation patterns obtained result from the convection of the spatial Langmuir structures across the satellite by the solar wind flows. The corresponding waveforms-the so-called "observed" waveforms-show, even in the case of very small inhomogeneities, spatial modulations of different scales.
The variations of the field envelope profiles are very fast in the initial stage of the beam relaxation and may not well correspond to what is actually observed after a longtime propagation of the beam. We study hereafter the stage when the wave saturation is achieved and the beam relaxation process is well advanced. At this stage the velocity distribution f (v) presents a plateau with a more or less small gradient f ∕ v ≳ 0. An overview of the Langmuir turbulence at this stage is shown in Figures 1-4 . The first figure presents the electric field envelopes' profiles E(z), the wave energy density |E| 2 (or level of turbulence), and the density fluctuations n∕n 0 at time p t = 30, 000, when the total spectral energy density W = ∑ k |E k | 2 saturates ( Figure 3a ) and the beam is almost fully relaxed (Figure 3b ). The time evolution of f (v) in Figure 3b shows that the beam distribution broadens and diffuses to lower velocities, whereas a tail of accelerated particles appears at velocities v ≳ v b . Meanwhile, W grows (Figure 3a ), reaching slowly saturation, which is fully achieved when the beam decelerating velocity front has reached the thermal domain at v ≲ 3v T . One can observe in Figure 1 that the plasmon energy density |E| 2 is concentrated in a few well-localized packets ( Figure 1b) which, once formed, propagate with a roughly constant velocity but experience significant modifications in shape and amplitude, as shown by the variation with time of the wave energy profile (Figure 2 ). To complete the dynamics of the system, Figure 4 presents the high-and low-frequency spectra at p t = 30, 000; one observes that the high-frequency spectrum peaks near
, which is the wave number at the Landau resonance condition; it is broadened due to scattering and reflections of Langmuir waves on the density inhomogeneities, as shown by the presence of counterpropagating waves with k < 0 (see also Figure 4 ). The low-frequency spectrum reveals noise with rather broad peaks which possibly indicate the presence of wave-wave coupling and electrostatic decay, which is related to the peak near k D ≃ −0.05 in the Langmuir spectrum of Figure 4a . The role of these processes will be considered in a forthcoming paper. evolution of all wave packets propagating over the whole length of the simulation box. Note that the amplitude of the Langmuir turbulence is small (|E| 2 ≲ 0.01) and, correspondingly, that the ponderomotive forces are weak and that no cavity (density depletion) is formed in the plasma.
In the figures presented below, only local processes are studied, i.e., one only examines instantaneous wave packets where wave-wave interaction processes involving ion-sound waves are very slow and do not play a significant role. This means that we study the time evolution of some chosen part of the simulation box where we select instantaneous wave packets which are not influenced by nonlinear effects due to wave-wave coupling or modulational instability, for example. Figures 5c and 5d show the corresponding waveforms that would be observed onboard a spacecraft moving relatively to the solar wind with the velocities v S = 0.2v T and v S = 0.6v T , respectively, supposing that the observation starts when the satellite is located at the position z S = 16, 000 D (indicated by an upward vertical line in Figure 5a ) and finishes when it arrives at z = 13, 600 D or at z = 8800 D , for v S = 0.2v T and v S = 0.6v T , respectively (the final positions are indicated by downward lines in Figure 5a ). Both waveforms in Figures 5c and 5d reveal clumpy features with beatings, which are typical of STEREO records; the waveform observed at v S = 0.2v T (Figure 5c ) corresponds roughly to the part of the waveform at v S = 0.6v T (Figure 5d ) extending from t ≃ 13, 000
. So it appears that the variation of the satellite velocity-i.e., of the solar wind speed or of its temperature-does not modify strongly the appearance of the successive clumps of the waveform (that obviously is not the case for the initial satellite position and the initial observation time). Note that, for lower satellite velocities, fine structures as beatings, for example, appear more clearly, with a better resolution. Then, some remarks can be formulated. First, the observed waveforms (Figures 5c and 5d ) differ noticeably from the instantaneous ones (Figures 5a and 5b) , what clearly corresponds to the modification of the wave packets' profiles during the time of observation. Second, the features of the observed waveforms depend significantly on the spacecraft's initial location, but a significant variation of the satellite velocity does not distort the registration of the wave packets. However, this is true only if the wave packets propagate rather stably during the observation time; if they are strongly modified by nonlinear effects during the observation time, this last conclusion may become false and a variation of v S can modify essentially the main features of the waveform. Third, the observed waveforms present characteristics similar to those recorded in the solar wind by the Wind and STEREO spacecraft (see, for example, and among others, Malaspina et al. [2010, Figure 1b Note that in most cases the solar wind flow and the ambient magnetic field are not aligned, as supposed in the present 1-D study. However, if one can neglect the component of the electric field E ⊥ perpendicular to the magnetic field with respect to the parallel one E z , as it is possible for around 70% of the events, a nonvanishing angle between the magnetic field and the solar wind flow will only have an incidence on the satellite velocity, whose absolute value should decrease when increases. Figure 6b shows the observed waveform calculated for the Figure 5a ; the final positions of the satellite moving at the velocities v S = 0.2v T (Figure 5c ) and v S = 0.6v T (Figure 5d ) are marked by downward dotted vertical lines in Figure 5a ; E S is the electric field amplitude measured by the virtual spacecraft (normalized as the field E), and t is the time in units of −1 p . Physical parameters are the same as in Figure 1 . same conditions as in Figure 5, A next example is shown by Figure 7 for a denser beam, which presents in the same form as Figure 5 two instantaneous with their corresponding observed waveforms, for the velocities v S = 0.3v T and v S = 0.6v T , respectively. The same remarks can be done as above for Figure 5 . Moreover, the observed waveform for v S = 0.6v T (and also v S ≳ 0.6v T ) reproduces more or less accurately the structures of the instantaneous wave packets (compare the instantaneous wave packets between z = 7000 D and z ≃ 20, 000 D with the observed wave packets between p t ≃ 18, 000 and p t ≃ 30, 000). Structures revealed by these waveforms resemble to the observations reported, for example, by Graham and Cairns [2013b, Figure 19a] and Gurnett et al. [1981, Figure 7b ]. Figure 7a ], which were interpreted by the authors as possible trapped or collapsing wave packets. These isolated structures remain very stable when the satellite velocity is modified. However, for the same physical parameters and for v S ≃ 0.6v T , but changing only the conditions of observation (duration, initial satellite position, and starting time), one observes totally different waveforms, as shown in Figure 9 which exhibits regular beatings, similar to space observations reported by some authors [Graham and Cairns, 2013b, Figure 6a; Gurnett et al., 1981 , Figure 3 ].
Isolated clumps are not easily observed in our simulations in the presence of very weak (Δn ∼ 0.001 ≪ 0.01) or of too high (Δn ≳ 0.03) density fluctuations; therefore, they likely could be a signature of the presence of fluctuations with Δn ∼ 0.01. Note also that, if plasma waves propagate in the direction opposite to the solar wind flow, isolated packets are no more observed and trains of modulated packets are present instead.
Moreover, we can guess that it becomes possible to speak about the "observation" of isolated wave packets only if the average level Δn of the background density fluctuations exceeds some threshold. To support this, one presents in Figure 10 two examples of typical instantaneous profiles obtained for Δn ≃ 0.001. Typically, in all our simulations with Δn ≪ 0.01, it was very difficult if not possible to find isolated packets in the instantaneous field envelope profiles. For a satellite velocity v S ≃ 0.1v T , the corresponding observed waveform, which can be compared, for example, to Kellogg et al. [1999, Figure 3] strong similitudes with waveforms captured in the solar wind. Moreover, they propagate with close velocities during rather long times and without significant variations of their shapes, as shown by Figure 12 which presents the wave energy profile |E| 2 as a function of time and space as well as cross sections at three selected times. When Δn is small, the waves' phases remain correlated during all the beam relaxation stage, explaining why long living clumped wave packets can be formed.
When Δn is sufficiently small, instantaneous as well as observed wave packets are not separated each other, i.e., one packet arrives at some point z just after another one, so that particles are able to interact with waves at any time t and any point z. The modulation of the wave packets is due to interference processes between waves and not to the presence of density inhomogeneities; indeed, when Δn ≳ 0.01, propagating wave packets can be separated one from another by several thousands of Debye lengths, so that particles are able to interact with waves only during short lapses of time, and the nature of the physical processes responsible for the modulation of the wave packets differs essentially from the case when Δn ≪ 0.01.
Finally, Figure 13 shows the case of bursty instantaneous and observed waveforms in a plasma with density inhomogeneities of large amplitudes, Δn ≃ 0.04, for a satellite of velocity v S ≃ 0.15v T moving within a large interval of time around 15, 000
(compare also with Graham and Cairns [2013b, Figure 19b] ). Such waveforms are characteristic of cases when the solar wind plasma presents strong density inhomogeneities.
Discussion and Conclusion
Several conclusions can be inferred examining the waveforms produced in various simulations performed with different beam and plasma parameters typical for type III bursts, and comparing them to relevant events measured by the STEREO/TDS or the Wind spacecraft (see stereo.gsfc.nasa.gov and wind.nasa.gov, as well as the above cited papers). In this view, let us present in Figure 14 in the solar wind with high time resolution by the WAVES (the Radio and Plasma Wave Investigation on the WIND Spacecraft) instrument onboard the Wind satellite [Bougeret et al., 1995] , in the electron foreshock region rather close to the tangential line where the electron distributions have quite a lot in common with the electron distributions in the solar wind during type III bursts (see Bale et al. [2000] for more details). One can see that they are qualitatively very similar KRAFFT ET AL.
©2014. American Geophysical Union. All Rights Reserved. On the basis of our study, one can conclude that our calculations well agree with the most recent space measurements. We are able to reproduce all the salient characteristics of the observed wave packets and, in particular, the variety in their waveforms. First, the calculated waveforms appear as highly modulated wave packets which reproduce many characteristics of those observed by the space experiments: trains of clumps of various shapes, lengths, and amplitudes, isolated and localized packets, "smooth" modulations or more bursty ones with low-frequency modulations, waveforms presenting more or less regular or randomly shaped clumps. Then, the main cause of the clumping processes shaping the wave packets is likely the existence of randomly fluctuating density inhomogeneities. One observes also that most of the waveforms present rather complex sequences of bursts-and much more rarely only single or double KRAFFT ET AL. humps-and that waves are rather rarely trapped in density fluctuations, this occurring mainly when the average amplitude of density inhomogeneities is high (roughly Δn ≳ 0.05).
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The organization of the waveforms into focused packets begins at early stages of the system's evolution, even before the growth of waves due to beam instability has reached an appreciable strength, indicating that nonlinear kinematic effects involving scattering and reflection are playing a significant role. No phenomena such as collapse or modulational instability are observed for the parameters used and the ponderomotive effects are shown to be weak, supposed that the beam density is sufficiently weak (what is the case here, see parameters above). As a consequence, many characteristic features of the wave packets' modulation are visible even in the absence of nonlinear effects such as wave-wave coupling, modulational instability, and collapse; the nonlinear processes are not the cause of the clumpy nature of the waveforms. However, they can modify them and even enhance the focusing processes which are shaping them (this topics will be discussed in detail in a forthcoming paper).
It is likely that the observation of highly localized and isolated wave packets is possible only if Δn exceeds some threshold. Moreover, the authors believe that the observation of such structures can be a signature for the presence of nonnegligible (but also not too high) levels of density fluctuations, i.e., Δn ∼ 0.01. We also see that variations of the solar wind speed do not modify essentially the characteristic features of the observed waveforms reconstructed using the instantaneous profiles.
The authors believe that the clumping processes observed should be mainly due to nonlinear kinematic effects of wave propagation, reflection, and scattering in randomly fluctuating density profiles, which are influenced by the beam instability during the stage of linear wave growth. The wave spectra show that, during the evolution, reflected waves are generated after some time (see, e.g., Figure 4 ) and that the wave energy has tendency to focus near the wells' reflection points (see Figure 1b) . This focusing is shown to occur with and without the beam, but it can be enhanced by the presence of the beam. Indeed, the beam instability plays an important role; after waves with resonant velocities v = k ∕k < v b have gained energy from the beam particles with velocities v < v b via the beam instability developing at f ∕ v > 0, they can transfer part of their energy to waves with v > v b , as a result of their scattering by the density inhomogeneities, the random modification of their phase velocities and their resonance conditions with the beam electrons. When Δn is sufficiently large (Δn ≳ k 2 2 D ∼ 0.01 ), the Langmuir spectrum is flattened in the asymptotic stage. ∕ k ) (where the superscript (e) refers to electrons) is added eventually in (A4) in order to take into account the damping of the plasma waves when interacting with thermal particles or with nonthermal electrons of the background plasma distribution, as for example non-Maxwellian tails.
The Fourier transforms of equation (A2) and of the plasma continuity equation lead to the following expressions (ion damping is not included)
where v i and u = v i ∕c s are the ion velocity and its normalized value. Equations (A4)-(A6) together with equation (A3) form the complete set of equations of our model.
